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AERONAUTIC SYMBOLS 
1. FUNDAMENTAL AND DERIVED UMTS 




Length- 
Time... 
Force-. , 



Power. 
Speed. 



Metric 



Symbol 



I 
I 

F 



P 

V 



Unit 



meter 

second , 

weight of 1 kilogram. 



horsepower (metric) - 

{kilometers per hour, 
meters per second 



Abbrevi&* 
tion 



a 

kg 



kph 

raps 



English 



Unit 



foot (or mile)--.._ 
second (or hour),, 
weight of 1 pound. 



horsepower 

miies per hour, . 
feet per second . 



Abbrevift. I 
tion 



ft (or mi) 
sec (or hr) 
lb 



mph 
fp« 



2. GENERAL SYMBOLS 



Weight 

Standftnl acceleration of gravity =9,80665 m/s' 
or 32. 1740 ft/sec* 

vr 

0 

Moment of incrlin = wF. (Indicate axis of 

radius of gym tion k by proper subscript.) 
Coefficient of viscosity 



V Kinematic viscosity 

p Density (mass per unit volume) 

Standard density of dry air, 0.12497 kir-m~*-s' at 

and 760 mm; or 0.002378 ib-ft"* sec* 
Specific weij^ht of "3tan<lard" air, 1.2255 ke/i 

0.07651 Ib/cu ft 



Area 

Ami nf wing 
Gap 
Span 
Chord 

Aspect rat in, ^ 
True air i^pcod 
Dynarnir pressure, 



3. AERODYNAMIC SYMBOLS 

itf Angle of setting of wings (relative to thrusi 



Q 
B 



L 
"55 



Lift , absolute coeffirient C^a 

Drag, absolute coefficient C©— ^ 

Profile drag, absolute coefficient C'i>o=^^ 

Induct '1 drag, absolute coefficient C^d<"^ 

Parac*te drag, absolute coefficient Cd^^^ 

Cross-wind force, absolute coefficient C^*"^ 
2626** 



a 
f 



Angle of stabilizer setting (relative to i 
line) 

Resultant moment 

Resultant angular velocity 

Reynolds number^ where I is a linear d 

sion (e.g., for an airfoil of 1.0 ft chord, 1 f)0 
standard pressure at 15** C, the corrospoi 
Reynolds number is 935,400; or for an u 
of 1.0 m chord, 100 raps, the correspoi 
Reynolds number is 6,865,000) 

Angle of attack 

Angle of downwash 

Angle of attack, infinite aspect ratio 

Angle of attack, induced 

Angle of attack, absolute (measured from 
lift position) 

Flight-path angle 



NOTICE 
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Page 7, column 2, line 17: the parameter should read; 
( ^i ) instead of ( i) 

Page 7, figure 4: ordinate scale should be designated "r".- 

Page 8, column 2, table, lines 17 and 18 under "Definition 
should read: 

Assumed ratio of tab chord to horizontal- 
tall chord. 

..Page XOt^f l«ure 5; Aq * value should be 4.5 instead of 4.2 
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DETERMINATION OF CONTROL-SURFACE CHARACTERISTICS FROM NACA 

PLAIN-FLAP AND TAB DATA 

By MtLTOK B. Ames, Jr. and Richard I. Sears 



SUMMARY 

The daia from previrms NACA pressureMlistribution 
investigations of plain flaps and tabs mth sealed gaps 
have been anxdyzed and are presented in this paper in a 
form readily applicable to the problems of control-surface 
design. The experimentally determined variation of aero- 
dynnmic parameters with flap chord and tab chord are 
given in chart form and comparisons are made with the 
theory. With the aid of these charts ami the theoretical 
relationships for a thin airfoil, the aerodynamic character- 
istics for control surfaces of any plan form with plain 
flajys and tabs with sealed gaps may be determined, A 
discussion of the basic eq;fiations of the thin-airfoil 
theory and the development of a number of additiomd 
equations that will be helpful in tail design are presented 
in the appendixes. The procedure for applying the data 
is described and a sample problem of horizontcd tail 
design is inxduded. 

The data presented and the method of application set 
forth in this report should provide a reasonably accurate 
and satisfactory means of computing the a^ody/namie 
characteristics of control surfaces, 

INTRODUCTION 

The need for an improvement in the method of pre- 
dicting the aerodynamic characteristics of airfoils with 
multiple hinged flaps, such as horizontal and vertical 
tail surfaces, has long been rcali/^ed. A number of 
valuable contributions of both an experimental and a 
theoretical nature have been made but the ultimate 
objective has not yet been attained. .With the inten- 
tion of more closely approaching a satisfactory solution 
of the problem the National Advisory Committee 
for Aeronautics has undertaken a control-surface 
investigation. 

The theoretical expressions for the lift and th{^ 
pitching-moment coefficients of an airfoil and the hinge- 
moment coefficients of any number of flaps about any 
huige position on the airfoil have been derivi^l in r(»fer- 
onces 1,2, and 3. 

Experiments have, however, failed to check the 
theory, especially in the case of liinge-moment coeffi- 
cients of small-chord flaps. It is for this reason that 
the design of tail surfaces has depended largely on 
experiments. 



Several experimental investigations of tail surfaces 
have been conducted by the NACA and some recent 
data are presented in references 4, 5, and 6. In 
order to supply systematic experimental data for the 
aerodynamic and the structural design of control sur- 
faces, a pressure-distribution investigation of the section 
characteristics of an NACA 0009 airfoil with various 
sizes of plain flaps and tabs was conducted. The re- 
sults are reported in references 7, 8, and 9. 

In order to make the data of references 7, 8, and 9 
more readily applicable for design piirposes, curves have 
been prepared to give experimental parameters for a 
wide range of flap and tab chords. The parameters 
given in this paper may be used with the expressions 
presented in references I, 2, and 3 to determine the aero- 
dynamic characteristics of tail surfaces with plain flaps 
and tabs with sealed gaps. 

SYMBOLS 

The coefficients and the symbols used in the theoreti- 
cal discussion are defined as follows: 



qc 

N 
qS 

m 
M 
where 



ri —Ml. 



Cn airfoil section normal-force coefficient 
Cfif airfoil normal-force coefficient 
Cm airfoil section pitching-moment coefficient 

al)out quarter-chord point of airfoil 
Cm airfoil pitching-moment coeffic" »nt al)out 

quarter-chord point of airfoil 
c*^ flap section hinge-moment coefficient 
Cfc^ flap hinge-moment coefficient 
Cjn tab section hinge-moment coefficient 
tab hinge-moment coefficient 
71 scHition normal force of airfoil 
N normal force of airfoil 
m section pitching moment of airfoil about 
quarter-chord point 

1 



2 
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M pitching monieiU of airfoil iilH>iit quai'tcr- 

chord point 
hf flap section hinge moment 
Hf flap hinge moment 
ht tab section hinge moment 
H( tab hinge moment 
2 dynamic pressure 

c mean geometric chord of basic airfoil with 

flap and tab neutral 
c root moan square airfoil chord 
Cf mean geometric flap clionl 
Cf root mean square flap chord 
€t mean geometric tab chord 
Ct root mean square tab chord 
S airfoil area 
b airfoil span 
bf flap span 
bt tab span 
a angle of attack 

oo angle of attack from zero lift for airfoil 
of infinite aspect ratio with flap and tab 
neutral 

aa angle of attack from zero lift for finite 

airfoil with flap and tab neutral 
5/ flap deflection with respect to airfoil 
5f tab deflection with respect to flap 
A aspect ratio 

DISCUSSION 
EQUATIONS 

The theory of thin airfoils is developed in reference 1 
aiul is extended to include a hingtxl plain Hap in ref- 
erence 2. The derivations, completed hi refer caco 3, 
give the theoretical relatior*ships for a finite airfoil 
with a multiple hingetl plain-flap system. The gtwral 
theory, in agreement with experimt^nt, indicates a 
linear variation of angle of attack, Haip deflc*ction, 
pitching-momcnt coefficient ami hinge-momi»nt coef- 
ficient with lift coefficient. In order to simplify the 



analysis, several assumptions were made in developing 
the theoiy, two of the more important bemg that the 
airfoil may bo replaced by a mean camber line and that 
the fluid flow leaves the trailing edge of the airfoil 
smoothly. The aerodynamic characteristics of an air- 
foil with a plain flap are expressed in terms of theoreti- 
cally determined parameters (see figs. 1 and 2), which 
are used in the equations for the airfoil aiul the flap 
coeflficients. These parametei-s are identified and trans- 
formt^l into the partial (litt'(M'eruials of slaadnrd XACA 
coefficients in appendix A. B<^cause a conventional 
eontrol surface is essentially an airfoil with a 3(U'i(*s of 
plain flaps, these airfoil equatioixs may be appUed to 
determine the characteristics of control surfaces. The 
equations in standard NACA form are: 

--(m...-(m/'-(wi'. 

The subscripts bidicatt^ thi* faetoi-s that an' held con- 
stant when the partial (hTivatives artj tak(*n. 

The relationships in equations (1), (2), and (3) 
readily lend themselvi*s to the prediction of control- 
surface characteristics, such tis tab and flap setting for 
trim, tab operation as a balance, and the paramett*rs 
for free-control stability. From the basic reflations, 
some of the equations for determining th(» control 
eharacteristii's are devt^loped in appen<lix B. If ^.'v is 
the normal-force coefficient of the tail required for 
equilibrium, the tab deflation to trim with zcto control 
force is 



1 , \cV. 



/OA /c),.A- 



niul tlio corr('spo?\iliit;; lltij) (l(>ll<>rlii)ii is 



» ' 



' — «„-f- 



(0) 
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If the control surface is equipped with a balancing tab, where 5,= KS/+5;,, and 5,^ is the initial tab deflec- 
tion for trim and K is the rate of change of the tab deflection with the flap deflection, then at any angle of 
attack the flap deflection for zero hinge-moment coefficient (free-floating angle) is 



-r z:- ^ — : TT^ ' — ^ f= 7 '^^ ^ y -vV'v \ / \ /• ^ 



(7) 



and the corresponding normal-force coefficient is 

^-v--(mi"--(SL.''-,--.-(tL(^'-'--'''>] 

The following parameter, developed ui appendix B, arc of particular importance for <'ulculati<>ns of free- 
control stability. 



(10) 



The experimental values of the parameters in the 
foregoing equations are presented in the following 
section. Although some of the equations may appear 
cumbersome, it is believed that the form used is most 
easily applicable to the- practical design of a control 
surface; From theoretical considerations, iiowevcr, 
these relationships may be much more ctisily under- 
stood if the various factors are combined into other 
parameters as shown in appendix B. 

EXPERIMENTAL DATA 

Aerodynamic parameters.— Ex perinuMital curves 
(figs. 1 and 2) have been prepared for use in determining 
the aero<lynamir characteristics of any crmtrol surface 
with a plain-flap aileron, elevator, or rudchM* with 
sealed gaps. These curves, to l)C used in conjun< ti()n 
with the equations in the preceding section, are plots 
giving the variation of aerodynamic parametei-s witli 
the ratio of fla|) chord to aii-foil chord. Tlu» para- 
metei-s, obtained for the NACA 0009 airfoil from an 
analysis of the section data presented in refen»n<H*s 7, 
8, and 0, are chosen to he in(U'ponch^nt of iispcct ratio. 
The theoretical curves developed by (ilauert uihI IVr- 
ring (references 2 and :}) for the thin airfoil are repro- 
duced in figures 1 and 2 for comparison. 

From an analysis of th<^ data reforenccs 7, <S, and 0, 
it was possible to d(^fine all of the (experimental curv(»s 
of figures 1 and 2 except in figure 2 (c) by points at 
C//C of 0, 0.03, 0.05, 0.00, 0.08, 0.09, 0.10, 0,15, 0.10, 
0.24, 0.30, 0.50, 0.80, and 1.00. The experimental 
curves of figure 2 (c) arc defined by pouits at values of 
C//c of 0.30, 0.50, 0.80, and 1.00 for the tab sizes of O.lOc;- 



and O.:i0c/ and at K)MCflc, O-oOc/Zc, and 0.8()cv/c for the 
0.2()c/ tab size. Tlu^ curve for the 0.20c/ tab was, 
how(^v(T, extrapolated for vahies of C//c from 0.80 to 
1.00. For all tln^ painimeters of tlu*se two figures it 
wtis possible to fair the* curves with practically no 
dispei-sion of pouits. 

In figures 1 and 2 tlu^ (^\p(Tiin(>ntal curvt^s have tho 
same genenil shape as th<* tlu^oretical <nu-ve8 tUn-iviMl in 
referenc(*s 1, 2, ajul '\ although in most casc^ their 
niagnitudi's are somewhat less. Thi^ poori^t agrei*- 

meut wjus fouiul in the curv<»s of -ind 

in figures 2 (u) urwl 2(e), where iIm' 1 lieoretiejil slopes for 
smallnhonl na|)s were much higher Ui^gatively tlinn 
those given by <*xperimeut. This <liser(»paney Inus Imm^u 
observ<Ml in other coin])arisous Ix'twe^^n llieory and 
(\\perim<*nt. Because the theoretical paranu^Lei-s wi^re 
<leterinine<l on th<' lussumplion of a continuous (low of ii 
perfect, nonviseous lluid, an assumption that is not valid 
under artual conditions, the disagreement niighl be 
(^\p(»et(Hl. The tlis< r(*paney between tlu»ory arnl expiM'i- 
ment is important l)iTause it m-cui-s within the tv/c 
range in which most eontrol-surface flaps aiul tai)s lie. 
The portion of the hingtMuoment coefFicient attribut(^d 

to the efTective camber f ^ ) 5/ (Hg. 2 (a)) 

geni^rally many times grtniter than the portion causcnl 

by the circulation (fig. 2 (b)). 



IS 
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(a) &ej:>i\, 

(b) (Oa/Oi). * 

FioURi l.-VftTiation »( (OcJO*)^^ im<i (OoAM)^^ with c/te or cjc ftir llie N ACA WlWI uirfoil. 
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(a) 

(b) (OVOcX 
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A comparison between figures 2 (a) and 2 (c) indi- 
cates that, for tab sizes greater than O.lOc/, the flap 
liinge-moment coefBcient obtained by deflecting the 
tab a given amount is greater than that obtained by 
deflecting the flap the same amount. This result agrees 
with, other test data (reference 10) and indicates that 
a full-span balancing tab, with a chord greater than 
0.1 Oc/ and a 1:1 ratio of tab deflection to flap deflec- 
tion w^ill produce overbalance. 

.From the test results of an NACA 0009 airfoil 
reported in references 7, 8, and 9 it was also experi- 
mentally determined that (^^^ , =0.095 and 
^-o.oiorj. 

Allowable flap and tab deflections. — Because the 
relationships in equations (1), (2), (3), and (4) are 



F/ap chordfairfoil chord, c^/c 
0 .20 .40 .60 .60 lO O 




FujriiR 3.— AjMirnxJnmle mnxliniim allowuhle llnp UrHcK rlnnH for iinwir liniits of 
airfiiU chiuraftTeristies At vtiriouti iin(iJP!« »\ hIIimHc. Dulii fiif N' ACA rtuw iurhul with 
tnflRite aunttJt mHo siml at an clTwiive Heyn«>ias nunirNT <»f :i, II0JIW». 

true oidy for the condition of a linear variation of tiio 
aerodynamic coelRcicnts, it is necessary to determine 
for various angles of attack the maximum doilectioii 
of a flap for the linear variation of the lift, lu order 
to obtain the minimum control force for a giv(Mi maxi- 
mum lift with a i)hiin flap, it is generally bettor to oper- 
ate the flap within this linear range tlmn to use a smaller 
chord flap that must operate at (lap (leflections beyond 
the linear range to give the require<l lift. 

The appro.ximate maximum allowable flap deflection 
for linear limits of airfoil chanu^terlstirs at sovorsil 
angles of attack are plotted iigainst the ratio ()F flap 
chord to airfoil chord in figure 3. These limits of 
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maximum flap deflection, obtained by experiment from 
the data of references 7, 8, and 9 for infinite aspect 
ratio at an effective Reynolds number of 3,410,000, 
are the approximate angles at which the variation of 
c« with 5/ ceases to be linear. In most cases, however, 
the liniits do not indicate the flap stall because the stall 
was observed to occur generally at a flap deflection 
from 2^ to 5° greater. In some cases, when the tab 
was deflected ui the dii'ection opposite to the flap, 
the change from the linear variation and also the 
stall were delayed. The broken portions of the curves 
of figure 3 indicate that, because of the irregular flow 
over the small-chord flaps, some uncertainty exists as 
to the liniits of the linear variation of the clnxracter- 
istic slopes in tliis region. 

The flap-deflection limits for any given control sur- 
face of finite span arc dependent upon the aspect ratio, 
the plan form, the twist, an*! the scale effect. Gen- 
erally, an increase in scale would tend to increase the 
maximum allowable angle *of attack and the flap de- 
flection. Various free-flight tests have shown, how- 
ever, that for critical conditions the stalls, and hence 
•the limits of the linear variation of the aerodynamic 
characteristics, may not necessarily occur in flight in 
the same order that the tunnel tests have indicated. 
Because the limits presented in figure 3 are generally 
several <lcgrces below the stall obtained by the experi- 
ments of references 7, 8, and 9 and because most control 
surfaces will be at a larger scale than the scale of these 
experiments, it is reasonable to assume that the limits 
are conservative. 

If the scale effect is neglected, the limits may b<» 
deterniinc<l by computing the local angles of attack at 
the critical section for various flap deflections by the 
method of reference 11. These angles of attack can 
then be plotted against the flap deilecLion to find tiie 
intei-section with the allowable-limit curve for infinid^ 
aspect ratio. For all practical purposes the limits foi* 
the flap deflection and the angle of attack, when the 
lift is smaU, may be assumed to be the same for any 
tispeet ratio. This assumption is justiflabic because 
the magnitu<le of the correction lies within the limits 
of the experimental accuracy in determining the curves 
for infinite aspect ratio. 

Experiments (referenci^s 7 to 10) irjdieate Unit lab 
effectiveness decHMises with an incrense in the (lap <le- 
flection. There is reason to b<»li4'v<\ however, (hat on 
conventional finite control surfaces a satisfactory Tna\T- 
mum for tab deflection exists between the angles of 
±15^ an<l ±20^ for moderate flap deflectioiis. This 
result woid<l indicute that, for a constant tab chord, it 
is b4»tter to US4» a large-span tab deflected to a small 
angle than a short-span tab deflected to a large nngle. 

EFFECT or ASPECT RATIO 

The slope of the normal-force curve hCsl^^a. m 
equation fl) for a finite airfoil is dependent on aspect 
ratio A and n)ay he (uirrected in the f<dlowing numner: 
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57.3; 



1 + 



tA 



(11) 



where bcjba is the slope of the normal-force curve, 
per degree, for infinite aspect ratio. The term p is a 
correction factor for small aspect ratios, and values 
obtained from unpublished data are used in figure 4. 
For horizontal surfaces with end plates, such as twin 
vertical surfaces, the value of p is 1. The factor r, 
a correction for end-plate effect due to twin vertical 
surfaces, was obtained from reference 4 and its values 
are reproduced in figure 4. For horizontal surfaces 
with single vertical surfaces, the value of r is 1. Be- 
cause the parameters (^^^ ^ (^i)c 
tion (1) involve no change in circulation, they are 
unaffected by aspect ratio. 




'J ./ ,e .3 -5 

Rar: of "le/ghf tf end p/afc to oirfofi span.h/o 

(a> Vfiriatlon of arflmeter p with A for airfbila without encJ l>»at««- ,,. , . ,^ 
b) Variation Mi parameter r with A/6. For horizontnl surfaces with end plates, 
in; single vertical surfe^^^ Values of r 

taken ftom reference 4. /<5C^r\ 
FiGVftt 4.— Paninieters p and r for correction of parameter ^-5;;- j,' 



and designated Cm^ ^ the parameter f ^^"" ) is equal 
to zero because 

V da /6rM 



where by definition ^- 



wA 



III equation (2), if the pitching-moment coefficient 
is taken about the aerodynamic center of the airfoil 

201041—41 2 



K da 

^) is equal to zero. The 



da /Sf,i 

same statement is substantially true when the pitching- 
moment coeflBcients are determined about the 
quarter-chord point of the airfoil because the values 
of the parameter are so small that, in most cases, they 
may be neglected. The other parameters in both 
this equation and in equation (3) are unaffected by 
the aspect ratio because they were determined for a 
condition of constant circulation (C7y held constant). 
Thus, it should be evident that the variation of equa- 
tions (2) and (3) with the aspect ratio depends only 
upon the corrected value of CV for the finite airfoil 
as determined in equation (1). 
All the parameters in equation (4) are affected by 

the aspect ratio. The slops (^^) ^^ 

rocted in the same manner as (^^^^^^J slopes 

of (^) and (^) vary in a more complex 
manner. It can be shown that 

From this relation it may be noted that the param- 
eters n^") and (^) wUl not be affected by 

changes in aspect ratio because the parameters wore 
determined for a condition of constant circulation. 

The value of must, however, be corrected 

for aspect ratio as previously mentioned. Hence, the 

value of the parameter corrected for 

aspect ratio by correcting only the portion of the 

expression containing the parameter ^ • i" a 

sunUar manner, the parameter (^\ ^^ '""^^ 

corrected for aspect ratio. 

Tlie results of model tests and fiifrH tests are goner- 
ally presented in a form from which the parameters ui 
equation (4) may be obtained. Because the param- 
eters in equation (4) are affected by changes m 
aspect ratio, the experimental parameters for huigc- 
moment coefficiePts presented in this report are given 
in the form suitable for use in equation (3), so that they 
may be used for any aspect ratio. 



s 
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EFFECT OF PLAN FORM 

Because all the parameters of figures 1 and 2 are 
independeDt of normal induced velocity, they are inde- 
pendent of plan form and twist as well as of asi)ect 
ratio. In general, in order to compute the character- 
istics of any finite control surface it is necessary to 
compute the spanwisc lift distribution for each flight 
condition as indicated in reference 11. For the special 
case of a control surface having an elliptical span-load 
curve, the aerodynamic parameters can he oomputcd 
in the manner to be indicated. Such a surface will be 
one of elliptical chord distribution and of constant 
ratio of flap to airfoil chord. If for practical purposes 
the assumption is made that for any control surface 
elliptical lift distribution is approximated, the aero- 
dynamic characteristics may be readily estimated by 
using the experimental data in figures 1, 2, 3, and 4 
in the following manner: 

(1) Determine the ratios of c//c and c^/c at as many 

stations as may be necessary to define the 
siu'faces. 

(2) Obtain the value for the slopes at each station 

from figures 1 and 2 and plot them against 
the span. In order to sum up properly 

the 



it is essential that they bo based 

upon a common chord. Tliereforo multiply 
the slopes obtained from figure 2 by tho 
square of the ratio of the flap chord at the 
station in question to the root-mcan-squaro 
flap chord (c//c>)* and plot the product. 

(3) Integrate the curves and divide by the total 

airfoil span, thus obtaining the efTcctivc 
parameter for the entire control surface. 

(4) For partial-span tabs it is necessary to intro- 

duce an additional factor to allow for the 
effect of the normal velocities induced over 
the rest of the wing by the tab. Because 
the value of this factor has not yet been 
satisfactorily determined for a general case, 
it must be neglcctwl at present. 

APPLICATION OP DATA TO HORIZONTAL TAILS 

Inasmuch as the determination of the proper hori- 
zontal and vertical tail areas, where stability is tlie 
main consideration, is beyond the scope of this report, 
only the general problems involved in obtaining ade- 
quate control will be considered. The equations and 
the charts already presented readily lend themselves 
to the solution of the problems. 

The elevator size is usually determiniMl by the re- 
quirements of landing the airplane because getting the 
tail down in the presence of the ground is getierally 
the most critical condition. This discussion and the 
sample problem of tail design inchuled will therefore 
be devoted mainly to the determination of the elevator 



required for landing and to the characteristics of the tail. 

Before calculations can be made, however, certain 
characteristics of the airplane must be known; namely, 
the pitching-moment coefficient, the angle of down- 
wash, and the dynamic pressure in the region of the 
tail. These quantities should preferably come from 
wind-tunnel tests of the model in question because 
nacelle fairings and interference effects are critical. 
The effects of the slipstream or of a windmilling pro- 
peller should not be neglected. If wind-tunnel tests 
are lacking, the characteristics may be roughly computed 
from other test data, such as those given in reference 12. 

Because the presence of the ground affects the down- 
wash and the dynamic pressure over the tail in a man- 
ner that has not yet been satisfactorily determined, 
horizontal-tail designs must be based on assumptions 
rather than be put on a rational basis. Until further 
investigation sets forth either a method of calculating 
the ground effect or a tunnel technique for measuring 
it, the assumption can be made that, during a landing, 
the angle of downwash at the tail is approximately zero. 

In order to illustrate the method of application of the 
data, an example is presented for an airplane having 
the dimensions given in the following table. 



Defimtion 



Tail length from most forward centcr-of- 
gravity location of airplane to quarter- 
chord point of horizontal tail surface. 

Mean aerodynamic chord of wing 

Wing area . -- 

Tail area • 

Tail span — 

Root mean square chord of tail 

Aspect ratio of tail 

Height of quarter-chord point of horizorital 

tail al)Ove the ground (landing). 
Height of horizontal tail alwvc center of 

gravity of airplane measured aornial to 

tail chord. 

Angle of attack of airplane (landing) 

Augle of incidence of horizontal tail 

Assumed ratio of tab chord to horizontal- 
chord. 

Maximum tab <lcrtection 

Stick length 

Maximum deflection of control stick whvn 

deflecting the elevator. 
Pitching-moment coefficient about center 

of gravity of mo<lcl without tail (a^ 

14.2°). 

Angle of downwash at fail (1an<ling) (an- 

sumod to have Ikjcu determined from 

win<l-tunnel tests). 
Ratio of average dynanuc pressure over 

tail to dynamic pressure of free air 

stream. 



Dimension 



Z=20.0 ft 



ft 

5 = 236 sq ft 
5' = 48 sq ft 
6' =12.8 ft 
^ = 3.75 ft 

d/ = 3.14 ft 

r/' = 2 ft 



a=l4.2° 
/' = 2.0'' 
c//c' = 0.0« 

s= 1.75 ft 

±30-* 



= 2.2*' 



Note. 
tcristics. 



■The primed values refer to horizontal-tail cliarac- 

ELEVATOR CHORD 

The procoRS of calculating the elevator chord rcquirc<l 
to laiul tlic airplane is as follows: 

(1) Compute the efTective aspect ratio Ae' of the tail 
surface hi the presonco of the ground. From reference 
13, when applied to a horizontal tail surface 

A/^Y^ (12) 
1 — cr 
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where between the limits 
1 



<iL'<i 



1 



-'Km) 



1.05+3.7 



"(672) 



For the example 



Therefore 



(13) 



672^ 6.4 "^-^^^ 



and 



"1-0.236 

(2) Compute the slope of the lift curve of the hori- 
zontal tail by equation (11) as already outlined. From 
figure 4. p=0.933 and r=l and, from reference 8, for 
an NACA 0009 airfoil, dcjda is 0.095. Therefore 

0.933(0.095) 



1 + 



57.3(0.095) 
t4.5 



=0.064 



(3) Determine the angle of attack of the horizontal 
tail surface; 

ot^'=a+i'— « 

«14.2*'+2.0^-2.2*» 
= 14.0'' 

(4) Approximate the pitching-momcnt coefficient of 
the tail by assuming a ratio of c//e' and substi- 
tuting in equation (2) using the maximum values of 
5f and 5,. Obtain the value of 5/^, from figure 3. 

If, for this example, c/lc* is estimated to be 0.35, then 
from the experimental curve in figure 1 (a) 



=-0.0090 



From fissure 3, if it is assumo<l that of^'ssoo' at ao'= 14°, 
then V»«x="'25-6'^- From equation (2), if it is esti- 
mated that (7y'= — 0.2 and assumed that for a tab with 
dimensions of 0.3 6' by 0.06 c', 

= -0.0015 

Therefore 

C«' = (-0.0105)(-0.2) + (-0.0000)(-25.6) 
+ (-0,0015)(15) 
=0.21 

(5) Estimate the chord-force ' acfficiont of the tail 
fV from the curves in referoncc 4. The omission of 
this terra will, however, have no great effect on the 
results. From figure 5, reference 4 

(7/ =0.25 (approx.) 



(6) Calculate the normal-force coefficient of the tail 
required to maintain equilibrium by the equation 



^[(5i-.)Cf)<-»''«<"> 

-2 (0.25) J 



(14) 



"20j 

+ (0.21) (3.75)- 
= -0.17 

(7) From equation (1), compute the product 



For the example cited, (^^^ ^ ^ approximated to be 

(0.3) (-0.20) = -0.06 
Tlius, with J,'^=15« 

1?^ B/=-^J- 



( 



-O^+H.0-(^0.06)(15) 
= 17.6^ 



If accurate downwash measurements are lacking 
but adequate wind-tunnel data are available, it would 
be a better procedure to modify steps (4) to (7) in the 
following manner. Obtain by experiment the pitchin*:- 
moment coefficient of the model, including the 
tail undivided into stabilizer and elevator. Then calcu- 
late the increments of chord-force and pitching-moment 
coefficients of the tail about its quartcr-chorrl point 
to obtain the increment of normal-forct* coefficient 
necessary to balance the airplane. The subscript / 
with Cv7 Cm\ and C/ refers to the change caused by 
the flap (elevator) deflection. 

The product (^^^ J^r obtained: 



From this point on, the procedure is the same as 
before. This method has the advantage that, although 
it is still necessaiy to calculate the angle of attack of the 
tail (and hence the downwash) to determiiic the maxi- 
mum flap deflection, the downwash computation docs 
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not enter into the calculations for the product ^ V 

and hence possible inaccuracies are minimized. 

(8) Assign convenient values of 6/ and compute from 

the product of equation (15) values of (^^^ ^' 
Obtain from figure 1 (b) the values of c//c' correspond- 
ing to the computed values of ^ and plot them 

against the assigned 5/ values. 
For the example cited, table I lists the computed 

values of (^] and the values of c/fc' that corre- 

spond to the assigned values of 5/ when 5/ = 15'. 

TABLE I 



*/ 

(deg) 




c/ 

C' 




-0.900 


asoo 


*2ao 


-.980 


.647 


-25.0 


-.706 


.4S0 

.319 


-3a 0 


-.587 


-35.0 


-.503 


.241 


-4a 0 


-Ml 


. 192 



The values given in table I are plotted in figure 5. 
This curve represents the deflection of each flap size 
required to produce the required normal force coefficient 
Cs' at the given angle of attack. This procedure was 
repeated at a,=sO'. The results are likewise plotted in 
figure 5. 

Effective ffop chordlairfoU chord, tiflc 
O .20 ,40 .60 .80 iOO 
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FK'URI .5.— Required flnp deflections for tab neulml nml deQerted IS" nnd mnx[mum 
allowable flap deflections tot various values or«//c'. A/, 4.2; a/, 14.0"; Ci'ltf, 0.06. 

(9) Plot the curve of maximum allowable 6/ against 
values of c/jc' as obtained from figure 3 for the required 
angle of attack of the tail surface. 



This curve is also plotted in figure 5. The inter- 
section of these curves will indicate the minimum 
effective flap-chord ratio c/jc' and the flap deflection 
necessary to obtain the required Cjr' of the tail at the 

angle of attack for landing. The mean value of ) 

for the entire tail surface should be that corresponding 
to this flap-chord ratio e/lc\ 

From a consideration of the maximum free-control 
stability and the lowest control forces, it is apparent 
that this flap (elevator) of the minimum allowable size 
should be the optimum size. Hence, for the example 
cited, the curves of figure 5 intersect at 
(approx.), c/lc'^OAO, This result corresponds to an 



effective 



-0.67 (fig. 1 (b)). 



The plan form and the total area having already been 
tentatively determined, the object now is to divide the 
tail surface into 3tabiUzer and elevator in such manner 

as to give a mean value of corresponding to 

\O0r/Cn, h 

the effective flap-chord ratio just computed. This 
division must of necessity be done by a method of 
successive approximations in locating the hinge axis or 
in making alterations to the plan form. The procedure 
for determining the effective value of any of the param- 
eters has already been indicated. The proper loca- 
tion of the hinge axis having been estimated, the 

effective parameter of the assumed arrang- 

ment can be found, 

Wlien the hinge line is properly estimated, the 



effective 



thus obtained should bo the same as 



the value previously calculated. If it is smaller, the 
flap size will not satisfy the design requirements; if it 
is larger, the stick force may be greater, as can bo seen 
from the stick-force curve for a rectangular tail in 
figure 6, Likewise, the free-control stability will be 
decreased. 

For the example cited, with the plan form of the tail 
assumed to be that indicated in figure 7, the hinge line 
has been located on the second appro ,ximation. A 
constant flap chord up to the tip section has boon choseu 
because it can be shown that, ir general, such a flap 
will have lower stick forcer than one having a highly 
tapered plan form. The distribution of the airfoil 
chord along the span is elliptical for the tail under con- 
sideration. 

The hinge axis having been located, tlic effective 
paramctcra for the hinge-moment and the pitching- 
momcnt coefficients may be determined in the manner 
already outlined. For the problem imder considera- 
tion, this process has been carried out in detail and tJie 
following values for the parameters have been obtained: 
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for landing is being made. If, for this condition, the 
angle of attack for the tail and the normal-force coeffi- 
cient required of the tail are known, the tab setting to 
trim with zero stick force may be computed from equa- 
tion (5). For the airplane used in the example to glide 



(^) =-0.0076 
(^) =-0.093 

=-0.0032 (approx., by interpolation) 



Fr- 



ill) 



=-0.0f) (approx.) 

STICK FORCE 

(1) To compute the stick force, tlie hinge-moment 
parameters Cy\ 5/, and 3/ being known, solve for Ch/ 
hv using equation (3) . For the (>xamplc cited : 

5/ = 15° 
a/ = -26^ 

Therefore 

' = (-0.093) (-0.17) + (-0.0076)(-26) 
^ +(_0.0032)(15) 
=0.165 

(2) The stick force is 

For the example cited, c/= 1-48 

When the airplane is landed at 70 miles per hour, tho 
dynamic pressure at the tail is 

-^-^ 

= ^-^^|^'^ (70X1.47)^(0.im) 

= 12.1 pounds per square foot 
(0.165)(1.48)-(12.8)(12.1)(-2()) 
(1.75) (30) ~" 
= —27.7 pounds 
In order to visualize more clearly the ciFcct of fhip 
chord on tlic stick force, calculations wore nuidr for n 
rectangular tail having Haps of various ratios of c/jc' 
for the conditions of tab neutral and d(»flectcd 15°. 
The results are plotted in figure* <i. In each case llie 
(y roquireii was —0.17 and the maxinuun allowable 
flap deflection for the particular c//c' vahu* was used. 
It should also be pointe<l out that tlie stick h'Ugth an<l 
the maximum stick (h^nection were held constant, 
which resulted in' an incn^ased nu»chanical julvuntn^^e 
5/16, for large-chord ihips. The curvt»s in<licat(* thai a 
given size tab is much more elfcTtivc in reducing stir' 
forces of lai-ge-chord flaps than snuill-ehord Ihtps. This 
rcsuii is an expect(Ml one b(*cause figure 2 (c) iiulieaivs 
tho same rt^ult when hinge moments rather than hing<'- 
moment coefficients are consi(I<»ro(L The oompulalioi^s 
also show that the highest stick forc(»s occur in the range 
of c//c' most commoidy used in prescnt-<hiy practice: 
from 0.40 to 0.60. 

TAB AND FLAP I>EFLECTIONS TO TRIM 

It is considered desirable to install a trhnming tab 
cfTcctivc enough to tiim the airplane when an approach 



,anil 



effecf's^e flap chordjairfoil chord, c/fc 

20 40 .60 .30 lOO 




'50 



-60 



1 




! 


1 












1 1 
1 \ 








\ i 

! 1 

i .] 



FuJi RK^i.-Reiiuiwl stick fore* for tab neufrftl ami deflecle«l IS*- for lan^"^ ^i^h 
recianfrtiJar taiU for vorinus values of e//c'. ^1 ♦ , 4 5; «• . 14.0», ci !c , 0.06. 




ISD.S" ^ J 



Fu;l «k 7 Tiiil surface with elli|itknl airfoil-chiwcl distrilmlion tind c«mstaul-tliofd 
l»lntD Htty aoU tub. 

in ec|uilibrhiin at 110 mihw i)er hour it is computed 
that 

a/-- 1.2° 

r.v'=-o.i4 

Calcuhitc the slope '»f the lift curve in free air by equa- 

ion (11): 

0 ,005 \ 

, ■ 57.:K<M)0'>y )-0-»'>4 

^+~7(iOr"/ 

Therefore from eciuation (5) 

_ ~ ^ I /" (0 J)54y( - 0.07) ^ - 0 J)07«> J -0 J>7 
" ( ^o.()(i) (^OjUm) 

(-0.07) ("-0.007r,) 
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The corresponding flap deflection required to maintain equilibrium may be computed from equation (6). 
Thus for the example cited 

*/,c.,.o,-=TO[y^^-(-l-2) + (-0.06) (11.4)] = -3.r 

When the tab is used as a balancing tab, the free-floating angle of the flap may be computed from equation 
(7). For the example cited 

5/=2iB/+^,/, when 5,^' = 1° and K=--0,o 

Thus, when 1.2^ 

(-0.093) (0.054) (-L2)4>[- (-0.093) (0.054) (-0.06) (-0.0082)|(1) _no-o 

*^'-c*^-o)=" _(_Q.093)(0.0o4)(-0.67) + (-0.0076) + (-0.5)(-(--0.093)(0.054)(-0.06) + (-0,0032)1 ~ 

The corresponding normal-force coeflicient of the tail is determined by equation (8), Thus for die example 
imder consideration 

Cy' c, .o>-0.054{(-L2)-(-0.67) (0.27) -(-0.06)[1 + (-0.5) (0.27)]} - -0,05 

The rate of change of free-floating angle with angle of attack may be calculated from equation (9). Thus 

/dSA (-0.093) (0,054) ^ 

VdaAr^'*"-(-0.093)(0.054)(-U.67) + (-0,0076)-h(-0.5)(--(-0.093)(0.054)(^ ^'^"^^ 

Similarly the slope of the lift curve for the tail with controls free is found from equation (10). 

(^X^"" (0.054) { 1 -[(-0.67) -h (-0.5) (- 0.06) ](- 0.546) } =0,035 

APPLICATION OF DATA TO VERTICAL TAILS AND AILERONS 

This entire procedure may be used equally well to calculate rudder size, with the obvious modification of 
substitutmg yawing-moment coefficients for pitching*moment coefficients and sidewash for downwasli in 
calculating the normal-force coefficient required. 

The section parameters presented in tliis report may also be used to compute aileron characteristics !)y means 
of the metho<l outlined in reference 14. 



Langley Memorial Aehonautical Lauoratouy, 
National Advisory Committee fou Aeronautics, 
Langley Field, Va., Decejnber 30^ l9/fi. 



APPENDIX A 

EQUATIONS OF THE THIN-AIRFOIL THEORY 

IDBNTinCATION OF PARAMETERS 

The conversion of the equations for the aerodynamic 
characteristics of a finite airfoil based on the thin- 
airfoil theory (references 1, 2, and 3) from the old 
British system of aerodynamic coefficients to the stand- 
ard NACA form and the use of symbols for the param- 
eters, or slopes, in these equations has led to some mis- 
understanding as to the identity of these parameter. 
The purpose of this analysis is to clarify the identity of 
the parameters and to distinguish between the ones 
that are sometimes confused because of a similarity in 
form. In addition, a summary of the relations is given 
whereby other useful parameters not presented in fig- 
ures 1 and 2 may be computed from these data. 

If 

it follows that 

da 

which is identical to 



da 

' da 



ba da / 



Likewise if 



it follows that 



d<7„ 



SC. 



and if 
Then 



d«/ 



dS, 



da 



"dC^v 

or, if it is considered that 
C»,=/4(a^S,) 

dCv 



Because, according to the thiii-airfoil theory, a linear 
relationship exists among the variables CV, C*^ (7«, a, 5/, 
and ht, the total differential in the foregoing equations 
may be replaced by the variable. Because no change 

in circulation is involved, is identical with 



da 



(—] , etc. The subscripts indicate the variables 

held constant when the partial differential is taken. 
The equations now become 



(1) 



(2) 



(3) 



«i (4) 



These equations are of the same form as those pre- 
sented in references 2, 3, and 5. By comparison it is 
possible to define the various constants of the equations 
in these references in terms of the variables involved. 

The following table of corresponding symbob has been 
prepared for future reference. The parameters from 
references 2 and 3 arc, for obvious reasons, expressed 
in terms of the old British system of coefficients; the 
angles were measured in radians; the pitching moment 
was measured about the airfoil nose. 



Parameter 



(^) 

V da 



NACA 
system 
of coef- 
ficients 


Old British ^yHtcm uf coefficiciittf 


Ilefer- 
CDce 5 


Reference 2 


Reference 3 




tti 
«» 

_«? 
«i 






— X, or — X| 

— X, or — Xj 

I 

"4 

— Ml, or — mi 

— f/ia or — 


I 

4 

— m 








ai 




— n 
Pi J 


— 6rr or — 6|,i 

— 6rt or — 6i^2 


1 
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The slopes summarized in the following equations 
are useful for design purposes and may be computed 
with the aid of the charts of figures 1 and 2. 



V da A. «.\ 1. 



fbC^ f^Cs\ 



\ 2», A. *, V A, ,,V e«,/c., V e«. /«.. 
\ ^« A, ». 



V Si, A.., 



A da A.t. 

\ da A. «. 

/dCy\ /da\ 

\c)6/A,». \<»/.A...,. 



V d«,A.. 



APPENDIX B 

DEVELOPMENT OF FORMULAS FOR TRIM. BALANCE, AND FREE-CONTROL CONDITIONS 
For an airfoil with a flap and a trimming tab, the formula for the tab deflection required to trim, where for 
trim Cn/isOy was developed in the following manner. 
From the thin-airfoil theory (see appendbc A) 

^•=(ti.[-(l)..„^-(ii;l.''] 

Because 6\,=0 to trim, equation (3) may be equated to 0. Solve for and obtain 

If Cif for the condition when C,^=0 is substituted for Cy in equation (la), «/ will become 5/ 
tions (la) and (3a) may be equated anil Ihe res..itant expression may be solved for 5, to trim 5.,r»^.o,- 



Solve for 6/ in equation (1): 



(1) 
(:!) 

(la) 



(3a) 

Now oqusi- 





r (^) 1 


a. 




_ Vda A. AWc.J. V^//c..».- 




/da\ /dc.A 



(0) 



In this form, the tab deflection to trim may be determined by direct substitution of tlu* values for the 
parameters as given in the data for this report. i • i 

The flap deflection ^vith the tab set to trim may be determined from equation (la), which, when eombmed 
and rewritten, becomes 

1 r ^^(%-"> /da\ . 1 

The equations for an airfoil and a flap with a balanciiig tab were derived as follows: 

For a balancing tab, 5, isy(5^), so that 5t=K6;+6^^ where is a constant for a linear variation of 5| with 
Sf, and 6t^ is the initial tab setting. Therefore equations (I) and (3) be<^om(i 



and 



^»=(mi--(SL''-(tL('^^'+'')] 



With controls frcM?, and <H|uuli<Hi {:)) l>eeoines 

Revise equation (I) by changins r„ U. ^^..^^.o, and substitute fori,; use this expr.<swum for r^,^.., 

in th<! foregoing relation, and the flap angle for control-fnic condition becomes 
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(7) 



(8a) 



The equation for the normal-force coefficient with free controls is obtained by substituting the free- 
floating flap deflection from equation (7) into equation (1). Thus 

''««v-..-(l^U«.-(5rl>v--(lli«»'.v-«'.)] 

By the actual substitution of the right-hand member of equation (7), this eqiiation may he written ns 

^'v-)-(mJ-(tL^+[(a. J 

By the differentiation of equation (7) with respect to a, being a constant, the stabilizing factor bocnmt>s 

If equation (8) is differentiated with respect to «, the slope of the normal-force (•oi'ffi«^iorit curve becomes 
or by differentiation of equation (8a) 



Vac. \ a« Aa \a«,A~«. ^\a«/ A.«. ^'^L Vac, Jm. \ aa Va«,A..i, ^Va«, A., 




flOn) 



By the use of (he slope relations summarized at the 

end of appendix A, it can easily be shown that equa- 
tions (5), (6), (7), and (9) may be considerably sim- 
plified. When this simplification has been made, 
these equatons read as follows: 



V di/A.«. V^/g'f-* Vag/; 

Va«,A^^Va«,Av- 



Va«,AA Va«/A^. Vaj,/, 
V"S«7A..A^"a«7yM 



(rm) 



(Oa) 



(7a) 



\ da 



_V 56/ A ^/'^V ^1 Av. 



(Oa) 



(10b) 
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U. fl. •OVKRNHKNT fHINTIR« OFPICE: t«4l 



Y 

2 



Pomtiv. dimtioa. of a». Md Mgia. (forces and moment.) we .hown by ;vrrov.s 



Axis 



Designation 



Longitudinal. 

Lateral 

Normal ..... 



Sym- 
bol 



Moment about &xl3 



Force 
(parallel 
to axU) 
svmliol 



X 
Y 
Z 



X 
Y 
Z 



Angle 



Designation 



Rolling... 

Pltuhlng 

Yafring 



L 
M 



Poeitlve 
dlreetioa 



X- 



*x 



Deslgria- 
tioti 



Roll 

Pitch- . - 
Yaw-... 



Sym- 
bol 



Velocities 



Linear 
(compo- 
nent along 
axis) 



Angiil 



Absolute coefficients of moment 



(rolling) 



(pitching) 



N 
(yawmg) 



Anffle of set of control surface (relative t 
^wition), 5. (Indicate sunoce by proper 5 



Df Diameter 

Geometric pitch 
pID, Pitch ratio 
. V, Inflow velocity 

Slipstream velocity 

r, Thrust, absolute coefficient CV 



T 

Torque, absolute coefficient j^gi 



4, PROPELLER SYMBOLS 

^ F 

P, Power, absolute coefficient ^p=j:;pp 

Cn Speed-power coefficient— y 
Efficiency 

Revolutions per second, r.p.3. 
Effective helix angl«*t»"'(2^) 



n, 



1 hp.«76.04 kg-m/s=s550 ft-lb./sec, 
1 metric horsepower— 1.0132 hp. 
1 m.p.h.«0.4470 m.p.s, 
1 m.p.s.»2.2369 m.p.h. 



5. HUMERICAL RELATIONS 

I lb.-0.4536 kg. 

1 kg-2.2046lb. 

1 mi. -1,609.35 m« 5,280 ft. 

1 m-3.2808 ft* 



\<6 



